ABSTRACT: One prominent hypothesis regarding climate change and scleractinian corals is that thermal stress compromises immune competence. To test this hypothesis we tracked how the immune defenses of bleached, apparently healthy and yellow band disease (YBD) diseased Montastraea faveolata colonies varied with natural thermal stress in southwestern Puerto Rico. Colonies were monitored for 21 mo from the peak of the bleaching event in October 2005 to August 2007. Since sea surface temperature was significantly higher in summer and fall 2005 than 2006, year of collection was used as a proxy for temperature stress, and colony fragments collected in 2005 were compared with those collected in 2006. Mortality rate was high (43% overall) and all colonies (except one) either died or became infected with YBD by August 2007. YBD-infected tissue did not bleach (i.e. expel zooxanthellae) during the 2005 bleaching event, even when healthy tissue of these colonies bleached. Immune activity was assayed by measuring prophenoloxidase (PPO), peroxidase (POX), lysozyme-like (LYS) and antibacterial (AB) activity. Immune activity was variable between all coral samples, but there was a significant elevation of PPO activity in bleached colonies collected in 2005 relative to apparently healthy and YBD-diseased corals in 2006. In YBD-diseased colonies, LYS and AB activity were elevated in both healthy and infected tissue, indicating a systemic response; activity levels in these colonies were higher compared to those that appeared healthy. In both these immune parameters, there was a trend for suppression of activity in corals that were bleached in 2005. These data, while complicated by between-genet variability, illustrate the complex interaction between disease and temperature stress on immune function. 
INTRODUCTION
The synergistic effects of temperature stress and disease are taking their toll on coral health, with rapid mortality of massive reef-building corals such as Caribbean Montastraea spp. (Foley et al. 2005 , Miller et al. 2006 , Edmunds & Elahi 2007 . The recent decline of this genus has, however, been primarily due to yellow band disease (YBD), which has steadily increased in prevalence over the past 10 yr (Bruckner & Bruckner 2006 , Cróquer & Weil 2009 , Harvell et al. 2009 ). YBD is caused by a consortium of Vibrio species, which are believed to cause degradation of zooxanthellar cellular integrity in situ resulting in lesion development (Cervino et al. 2004a (Cervino et al. ,b, 2008 . The disease manifests as one or more focal, multifocal and/or irregular lesions with linear margins of yellow tissue bordering healthy tissue ( Fig. 1 ) that progress at a rate of 0.6 to 3.5 cm 2 mo -1 (Cervino et al. 2001 , 2004b , Bruckner & Bruckner 2006 . Accelerated tissue loss and increased YBD prevalence have also been documented concurrent with elevated sea surface temperatures during summer months (Cervino et al. 2001 , 2004b , Harvell et al. 2009 ). During the summer of 2005, sea surface temperatures rose 1°C above the maximum monthly mean for a continuous 14 wk period in several locations in the Caribbean (NOAA Coral Reef Watch 2007) . Average sea surface temperatures from June to October 2005 were significantly higher than preceding years and the following June through October 2006 average (Clark et al. 2009 ). This resulted in widespread bleaching and mortality across the Caribbean with the epicenter in the US Virgin Islands and Puerto Rico, with some inshore reefs experiencing 90% bleaching (Oxenford et al. 2007 ). Furthermore, this event appeared to trigger outbreaks of white plague, white pox and YBD in the months that followed (Miller et al. 2006 , Muller et al. 2008 . However, the mechanisms by which temperature facilitates the spread of diseases, including YBD, and influences factors involved in coral resistance to diseases remain cryptic.
Corals respond to infection with a suite of innate immune defenses that are both cellular and humoral in nature. Several of these immune mechanisms have been well studied in the sea fan Gorgonia ventalina and other gorgonians (i.e. Meszaros & Bigger 1999 , Olano & Bigger 2000 , Petes et al. 2003 , Mullen et al. 2004 , Dishaw et al. 2005 , Ellner et al. 2007 , Douglas et al. 2007 , Couch et al. 2008 as well as scleractinian corals (i.e. Koh 1997 , Miller et al. 2007 , Gochfeld & Aeby 2008 , Kvennefors et al. 2008 , Palmer et al. 2008 ). Recently, gene expression studies using complementary DNA (cDNA) microarrays have identified genes involved in stress pathways, namely temperature stress, in several scleractinian coral species (Edge et al. 2005 , 2008 , Desalvo et al. 2008 , Schwartz et al. 2008 . These molecular studies, combined with protein biomarker and cellular diagnostics to identify biochemical and cellular responses typically involved in stress and xenobiotic responses in corals (Downs et al. 2000 , Ramos & García 2007 , have greatly advanced our understanding of coral stress responses. Since innate immunity and general stress pathways are likely intertwined, these studies have set the stage for further studies examining immune function during environmental stress , Weis 2008 .
Invertebrate innate immunity comprises several key cellular and protein components that play important roles in disease resistance. Prophenoloxidase (PPO) is an integral part of invertebrate immunity and is responsible for the production of melanin (Söderhäll et al. 1996 , Söderhäll & Cerenius 1998 . The PPO pathway is also involved in wound healing, parasite and pathogen resistance and general coordination of immune responses (Nappi & Christensen 2005 , Mydlarz et al. 2006 . PPO is the precursor to the active protein phenoloxidase, which is activated by release of proteases during the initial infection. Elevated PPO activity has been observed in fungus infected tissue of the sea fan Gorgonia ventalina as well as in abnormally pigmented tissue of the scleractinian coral Acropora millepora (Palmer et al. 2008) . The super-family of peroxidase (POX) enzymes contains many isoforms that are in- volved in a variety of defense-related roles and oxygen scavenging (Hawkridge et al. 2000 , Galloway & Depledge 2001 . In gorgonians, POX activity was detected in amoebocytes undergoing phagocytosis (Olano & Bigger 2000) and was elevated in the initial hostpathogen responses in the sea fan coral . Another important aspect of innate immunity includes antibacterial proteins and peptides. Bacteriolytic or lysozyme-like (LYS) activity facilitated by a small lysozyme-like protein is commonly grouped with antibacterial peptides due to its small size and its ability to hydrolyze the β-1, 4 glycosidic bond of peptidoglycans in bacterial cell walls (Bachali et al. 2002) . LYS activity is an important antibacterial defense of several marine invertebrates, such as molluscs, crustaceans and echinoderms (Ordas et al. 2000 , Bachali et al. 2002 , Nappi & Christensen 2005 , Monari et al. 2007 , and has recently been documented in sea fans (Couch et al. 2008) . In addition, corals also produce bactericidal compounds and small peptides, which inhibit bacterial growth to a variety of pathogenic and non-pathogenic bacteria in vitro (Kim 1994 , Koh 1997 , Geffen & Rosenberg 2005 , Gochfeld & Aeby 2008 . The role of temperature on host immunocompetence can be highly variable across species (Mydlarz et al. 2006 ) and has been shown to both stimulate and suppress elements of the innate immune system. For example, a heightened state of immunity as measured by increased circulating immune cells was observed in insects (Thomas & Blanford 2003) , crustaceans (Truscott & White 1990 , Cheng & Chen 2001 and sea fan corals exposed to elevated temperatures. Elevated temperature has also been shown to increase phagocytic activity in sea cucumbers (Wang et al. 2008) and LYS activity in clam haemocytes (Monari et al. 2007 ). In contrast, suppressed PPO activity was detected in temperature-stressed brown shrimp (Vargas-Albores et al. 1998) . The effects of temperature stress on immunity are especially confounded in corals that harbor photosynthetic symbionts and as such are susceptible to the damaging effects of photosynthetically produced reactive oxygen (Lesser 1996 , Tchernov et al. 2004 , Weis 2008 . This is further complicated by the fact that reactive oxygen is also a necessary immune defense and acts as a direct antimicrobial in phagocytosis and mediates several signaling cascades, such as PPO and programmed cell death (Nappi & Christensen 2005 , Lesser 2006 ). Therefore, the potential for chloroplast-and mitochondrialderived reactive oxygen to disrupt coral immune pathways is high, but not yet characterized. Due to the positive correlation between coral disease and thermal stress (Miller et al. 2006 , Bruno et al. 2007 , Harvell et al. 2009 Colonies were tagged and photographed with numbered aluminum tags pinned with a nail to a dead area of the colony. The status of each colony was documented (and photographed) every 15 d for the first 2 mo, then every month for the next 7 mo and every 2 to 3 mo thereafter. Any changes in coloration, tissue mortality and new infections were noted. Apparently healthy colonies (no visible signs of bleaching or disease) were not monitored in the present study. Fragments from the 10 tagged bleached and 11 YBDdiseased colonies along with 10 untagged, randomly selected apparently healthy colonies were collected during October 2005 using a hammer and chisel. Colonies that appeared bleached in October 2005 were also collected in May 2006 when they had regained full pigmentation. Tissue from these recovered colonies was not collected in October 2006 because all but one colony became infected with YBD. The 11 YBD colonies were also collected in 2006 as they were still infected. In YBD-diseased colonies, one fragment (max. size = 25 cm 2 ) was collected from the infected yellowed tissue, as well as an uninfected healthy tissue fragment from the same colony (> 20 cm away). One fragment each of similar size was collected from the center (away from the edges) of bleached colonies (white in appearance) and apparently healthy colonies. Fragments were placed in separate bags in a cooler filled with fresh seawater, taken to shore, immediately frozen in liquid nitrogen and shipped on dry ice to Cornell University. Samples were stored at -80°C until extraction.
Extract preparation. Coral tissue was removed from the skeleton using a Badger™ airbrush with 0.1 M phosphate buffer, pH 7.8, with 2 mM 2-mercaptoethanol (Sigma-Aldrich). The tissue slurry was homogenized for 30 s with a hand-held tissue homogenizer and extracted for 45 min on ice. The volume of extract to the nearest ml was recorded and typically ranged from 6 to 15 ml. One ml of extract was removed for zooxanthellae cell counts; the remaining extract was frozen in liquid nitrogen and immediately lyophilized. After lyophilization, the powder was resuspended in pure molecular grade water (Sigma). To maintain consistent protein concentrations for all samples, 1 ml water was added for every 5 ml of extract. Upon resuspension of the extract, glass beads were added and the extract was vortexed for three 30 s periods to further disrupt the cells. The homogenate was extracted again on ice for 45 min, transferred to a microcentrifuge tube and centrifuged at 14 000 × g for 5 min to remove cellular debris. The protein concentration of each extract was determined using the Bio-Rad DC Protein Assay Kit with a BSA standard. Extracts were stored at -80°C between assays.
Zooxanthellae cell counts. The 1 ml aliquot of unlyophilized tissue slurry was centrifuged at 10 000 × g for 10 min to pellet algal cells. The algal cells were washed twice with artificial seawater and resuspended in 200 µl of 5% zinc buffered formalin (Z-fix TM , Anatech Ltd., Battle Creek, MI, USA) in seawater. Zooxanthellae cells were counted using a hemocytometer and cells ml -1 calculated. To determine the total cell count per coral fragment, cells ml -1 was multiplied by the total volume of extract produced after airbrushing. The total cell count per coral fragment was normalized for surface area generating a standard curve of the weight and surface area of aluminum foil following methods described by Marsh (1970) .
Enzymatic activity assays. All colorimetric measurements were calculated using a Synergy HT multidetection microplate reader with KC4 software (Biotek Instruments). All assays were run in duplicate or triplicate on separate 96-well plates. Assays were run immediately after extraction (October 2005, May and October 2006) and then all samples were rerun in November 2006 to gather data presented here. There were no distinguishable changes in protein activity after storing the extracts at -80°C for 1 yr. Boiled extracts were used as a negative control in all enzyme assays. In all cases activity was strongly diminished or completely inhibited (data not shown).
To measure POX activity, 10 µl of the crude protein extract were diluted with 40 µl of 0.01 M phosphate buffer, pH 6.0, and added to 50 µl of 25 mM guaiacol (Sigma-Aldrich) in 0.01 M phosphate buffer, pH 6.0, in a 96-well plate (guaiacol final concentration of 10.8 mM). The reaction was initiated with the addition of 10 µl of 20 mM hydrogen peroxide (Sigma-Aldrich) (1.7 mM final concentration) prepared in 0.01 M phosphate buffer, pH 6.0, and optical density was measured over 15 min at 470 nm. POX activity was represented as the change in absorbance at 470 nm min -1 and normalized among samples to mg protein .
PPO activity was measured by adding 20 µl of the extract to 130 µl of 10 mM stock of dopamine to measure the oxidation of dopamine (Sigma-Aldrich) to the colored oxidative product (7.5% final concentration). The reaction was initiated by the addition of 20 µl of 1% sodium dodecyl sulphate and the absorbance monitored at 490 nm for 80 min. Data are presented as change in absorbance (final -initial) per mg protein .
LYS activity was measured by following a decrease in absorbance at 425 nm of freeze-dried Micrococcus luteus (Sigma-Aldrich) suspensions. Twenty µl of extract were added to 100 µl of a 0.3% M. luteus suspension in 10 mM phosphate buffer, pH 7.4. The reaction was incubated for 18 h at room temperature. Data are presented as proportion of M. luteus lysed compared to M. luteus suspensions with buffer alone divided by mg protein (Couch et al. 2008) .
Antimicrobial assays. The antibacterial activity of the extracts was measured by comparing the inhibitory effects of the extracts on the bacterial growth rate of a Vibrio spp. isolated from the surface mucopolysaccharide layer of diseased Porites attenuata from reefs near Silman University Marine Laboratory, Dumaguette City, Philippines. Two volumes (10 and 100 µl) of each sample were spread onto glycerol artificial seawater (GASW) agar plates, in duplicate. Plates were incubated at 28°C for 24 to 72 h. Resulting bacterial colonies were isolated based on colony morphology, as well as cellular size, shape, motility and capsule production. The bacterial isolate used in the present study was typed as Vibrio based on cell structure (phase-contrast and electron microscopy), colony morphology (pigmentation, elevation, size and margin type), growth test using acid production on thiosulfate citrate bile sucrose agar (TCBS), fatty acid analysis (FAME), carbon source utilization patterns (Biolog plates, Biolog) and sequencing of the 16S rRNA gene. GenBank BLAST searches of the 16S rRNA gene sequences were performed to determine the percentage of isolate relatedness to known bacteria (Altschul et al. 1997 ) (data not shown). The isolate was stored at -80°C in cryovials containing 30% glycerol and 70% GASW medium.
An aliquot of the pure freezer stock was streaked on TCBS and incubated at 26°C for 24 h. A single, distinct colony was removed, put into sterilized marine broth, and incubated again in a shaker at 26°C for 24 h. To standardize the bacterial cell density in this assay, the culture was adjusted to an optical density of 0.2 at 600 nm, which corresponded to approximately 5 × 10 7 cells ml -1 (S. Merkel pers. comm.). A dose response of Montastraea faveolata extract was performed to determine the necessary concentration to obtain 50 to 70% inhibition. Three mg ml -1 of coral protein extract was deemed suitable and logarithmic growth occurred between 240 to 360 min. Each extract was diluted to 3 mg ml -1 in 0.1 M phosphate buffer, pH 7.8. In a 96-well microtiter plate, 10 µl of each extract were added to 105 µl of marine broth and 15 µl of the bacteria culture. Positive controls using 0.05 mg ml -1 of tetracycline and negative or vehicle controls using 0.1 M phosphate buffer, pH 7.8, were included on each plate. To calculate the percent inhibition of extracts, the number of generations was determined for each sample with the following equation: 3.3 × log(Abs final / Abs initial ). Then the number of generations was divided by the number of hours of logarithmic growth to produce the growth rate. Percent inhibition was determined using the following equation:
where I is percent inhibition, BC is mean growth rate of bacteria control and BE is mean growth rate of bacteria with extract (Couch et al. 2008) .
Statistical analyses. Each immune and physiological parameter was averaged for each year of collection (2005 and 2006) and colony condition (bleached, apparently healthy, YBD healthy and infected tissue). Data were tested for normality and homoscedasticity (Shapiro-Wilks and Levene's test, respectively) prior to performing statistical analyses. Nonparametric data were power transformed using the Box-Cox Y method to meet parametric criteria of normality and equal variances. Immune activity and zooxanthellae density was compared across year and colony condition using a 2-way multivariate ANOVA (MANOVA). The data were further evaluated using a univariate ANOVA and Tukey-Kramer post hoc tests for each immune parameter and zooxanthellae density. A semi-log model was used to determine the relationship between PPO, LYS and zooxanthellae density of bleached and apparently healthy colonies. Daily mean water temperatures (°C) for the period between June and October 2005 and June and October 2006 were compared using a Student's t-test. All statistical analyses were performed on JMP Statistical Discovery Software version 6.0.3. (SAS Institute). 
RESULTS

Survey data and colony condition
Zooxanthellae cell counts
Bleached colonies had significantly fewer zooxanthellae than healthy and diseased colonies, confirming that these colonies were indeed bleached ( Fig. 2A , Table 2 ). Of the 11 YBD-diseased colonies we sampled in 2005, 5 were bleached in tissue not infected with YBD (i.e. Fig. 1B ), but the mean zooxanthellae density from YBD-infected tissue did not vary significantly in healthy tissue from the same colonies or between years. Zooxanthellae isolated from YBD-infected tissue had less pigmentation than those from healthy areas (data not shown).
Immune protein activity
All immune proteins and antimicrobial activity (PPO, POX, LYS, AB) varied significantly as a function of year of collection and condition (Table 2 ). PPO and LYS activity were the only responses that varied significantly for both colony condition and year of collection.
The variation in POX was driven by significant differences between 2005 and 2006 (F = 12.0, df = 1, p = 0.0009).
PPO activity was significantly higher in 2005 bleached colonies than in apparently healthy colonies collected in October 2006 (Fig. 3A) . The recovered bleached colonies in May 2006 had intermediate PPO activity, whereas all apparently healthy and diseased colonies collected in 2006 had significantly less PPO activity (F = 33.5, df = 1, p < 0.0001). There was a negative relationship between PPO and zooxanthellae density in bleached and apparently healthy colonies (PPO = -0.56log[zooxanthellae cm (Fig. 3B) . POX activity was significantly higher in apparently healthy colonies collected in 2005 than those collected in 2006 (Fig. 4) . Recovered bleached and diseased colonies in 2006 had POX levels comparable to apparently healthy corals.
LYS and AB activity showed parallel trends that were opposite those of PPO and POX (Figs. 5A & 6) . Bleached corals had the lowest levels of both LYS and AB activity (LYS, F = 4.2, df = 3, p = 0.0083; AB, F = 7.4, df = 3, p = 0.0002) and subsequently there was a positive relationship between LYS activity and zooxanthellae density in bleached and apparently healthy corals (LYS = 0.82log[zooxanthellae cm Table 1 , n = 7 to 11, F = 3.6, p = 0.0022). Bleached colonies were resampled in May 2006 upon recovery of full pigmentation. #Significant difference at p < 0.05 F = 6.4, p = 0.016) (Fig. 5B) . While not significant, LYS and AB appeared to be induced systemically, with higher activity in infected and healthy tissue from YBD colonies compared to colonies that were apparently healthy (Figs. 5A & 6).
DISCUSSION
Several key innate immune responses were measured in Montastraea faveolata infected with YBD during the warmest sea surface temperatures in over 100 yr. This is the first study to follow and sample the immune competence of healthy and diseased corals through a massive bleaching event which may have prompted outbreaks of white plague, white pox and YBD (Miller et al. 2006 , Muller et al. 2008 . Although many environmental conditions may lead to bleaching, temperature is widely accepted as one of the primary causes (Hoegh-Guldberg et al. 2007 , Weis 2008 (Wilkinson & Souter 2008 , Clark et al. 2009 , and that this thermal stress had significant deleterious effects on overall coral health, as evident by the mass bleaching, disease outbreaks and subsequent mortality. Of the 21 bleached and YBD-diseased corals originally sampled, only one remained alive and not infected by disease in 2007. The zooxanthellae counts confirm that bleached colonies expelled a majority of their symbionts in addition to the visible loss of photosynthetic pigments, while apparently healthy corals in 2005 retained both their pigmentation and zooxanthellae. Conversely, YBD-infected tissue did not expel zooxanthellae regardless of the presence of bleaching in the surrounding tissue. Zooxanthellae isolated from YBD-infected tissue were pale and misshapen as initially reported by Cervino et al. (2004a,b) . Our data further supports the conclusion that zooxanthellae in YBD-infected tissue are impaired but not subsequently expelled as in bleached tissue (Cervino et al. 2004a,b) .
The levels of all immune and defense proteins measured in the present study were altered due to bleaching or YBD infection. Most noteworthy was the effect of the 2005 temperature stress on PPO activity. Although we predicted that bleached corals would have suppressed immune defenses, quantified by decreased activity of certain factors involved in disease resistance, we observed the opposite. The mechanisms underlying the increased PPO activity could range from temperature directly affecting enzymes or cofactors in the PPO cascade, or indirectly as a result of general stress responses. Alternatively we suggest 2 potential hypotheses as causes of elevated PPO during thermal stress: disruption of calcium stores and zooxanthellae-based suppression of immunity.
Using temperature-stressed and near-bleached samples of Montastraea faveolata, Desalvo et al. (2008) found that several genes that regulate calcium stores were down-regulated, suggesting an increase of intracellular calcium. Furthermore, previous studies on Acropora grandis found that high calcium levels were concomitant with bleaching (Fang et al. 1997) . Several well-characterized invertebrate PPOs are also known to be dependent on calcium (Leonard et al. 1985 , Gollas-Galván et al. 1997 ) and can be activated by exogenous calcium addition (Gollas-Galván et al. 1997) . Therefore, the increase in PPO activity we detected in bleached M. faveolata could be an indirect result of calcium stimulation. Another, albeit more complex, hypothesis is that zooxanthellae block host immune responses in order to persist in the host tissue and cells as proposed by Weis et al. (2008) . As a result, host immune function would increase during bleaching and expelling of the symbionts. Whichever upstream signaling accounts for this increase in PPO activity, there is evidence for a relationship between PPO levels and disease resistance in other invertebrate models (Nigam et al. 1997 , Siva-Jothy 2000 , Mucklow et al. 2004 , Newton et al. 2004 . However, in the present study, elevated PPO did not appear to confer disease resistance or may have been too transient to do so, as PPO activity decreased in subsequent collections and all but one colony became infected or died from YBD. Although no significant effects of YBD infection on PPO activity were detected by the MANOVA analysis, the mean PPO activity in infected tissue was 2 times higher compared to healthy tissue from the same colony in 2006; in fact, all 12 colonies showed an induction of PPO in infected tissue. Due to the multivariate nature of our analyses and large between-colony variation, this individual response was concealed. When compared with a paired design, YBD-infected tissue was significantly different from healthy tissue collected from the same colony during 2006, but not in 2005 (paired t-test, healthy vs. infected tissue, 2006: p = 0.037; 2005: p = 0.161). It is possible that the spike in PPO activity in temperature-stressed Montastraea faveolata may have masked or suppressed any disease-related induction. The magnitude of natural variability in M. faveolata PPO levels was attributed to actual between-genet variation and not the PPO assay, as within-assay sample replicates did not vary, which coincides with previous findings in other coral genera (Couch et al. 2008 , Palmer et al. 2008 . At this time it is unclear whether this natural variability in PPO contributes to the variability in YBD severity observed between colonies (Harvell et al. 2009 ). Nevertheless, PPO up-regulation in response to infection is an important invertebrate pathway and is proving to be equally as important in corals, as is supported by recent reports of elevated levels of PPO in fungus-infected sea fan tissue and abnormally pigmented Acropora millipora (Palmer et al. 2008) . Although in the same report (Palmer et al. 2008) , Porites spp. did not show an equivalent induction of PPO in abnormally pigmented tissue, suggesting variability of this response among anthozoans.
POX activity was also highly dependent on year of collection rather than colony condition. POX was approximately 3 times higher in apparently healthy colonies in 2005 when compared to healthy colonies in 2006 and bleached colonies in 2005, indicating that although these corals appeared healthy, the effects of elevated temperature were occurring intracellularly. POX is well known for its ability to scavenge free radicals (Gamble et al. 1995) , and the role of antioxidants during bleaching to mitigate the damage caused by photoinhibition has been investigated in both the symbiont and coral host (Lesser 1997 , 1996 , Lesser & Farrell 2004 . Downs et al. (2000) and Desalvo et al. (2008) also documented elevated antioxidant activity and gene up-regulation, respectively, in Montastraea faveolata experimentally exposed to high temperatures. In the present study, POX was only elevated in colonies that retained their zooxanthellae during the 2005 bleaching event, supporting the hypothesis that oxidative stress can be mitigated by expelling the symbiont (Lesser 1996 (Lesser , 1997 . Since our assays did not distinguish between host and algal POX, it is possible that elevated levels resulted from a combination of the zooxanthellae undergoing oxidative stress and the host's attempts to protect itself against thermal damage. There was no change in POX activity in YBDinfected tissue, which is surprising as the disease seems to impair zooxanthellae and is believed to disrupt biochemical processes on thylakoid membranes during photosynthesis (Cervino et al. 2004a) , which may cause an increase in reactive oxygen similar to thermal bleaching. measured a POX induction in sea fan corals exposed to a pathogen after 1 wk, indicating an early response to pathogen exposure; it is possible that in our sampling design we missed this early immune response to YBD pathogens.
The AB and LYS activity of coral extracts were the only immune parameters measured that followed the expected trend for suppression during temperature stress and were lower during the bleaching event or shortly thereafter. This is further corroborated by a positive correlation between LYS and zooxanthellae numbers. The source of the AB and bacteriolytic activity is unknown and may derive from the host, zooxanthellae or bacterial community within the surface mucosal layer and tissues. Bleaching has been shown to cause changes in coral microbial community structure as well as functional changes in allelopathic activity, resulting in reduced antibacterial activity (Ritchie 2006) . Regardless of the source, temperature-induced modifications of these important allelopathic interactions may render the coral holobiont susceptible to exogenous or pathogenic bacteria that may otherwise be destroyed.
Overall, LYS and AB activity were highest in YBDdiseased colonies, both in healthy and infected tissues, indicating a systemic rather than localized response to infection. In insects, systemic responses include antimicrobial peptides, whereas localized responses involve cellular processes (Lemaitre & Hoffmann 2007) . The increase in bacteriolytic and bactericidal properties of diseased corals may also be a function of changes in the bacterial community composition that arise during infection (Ritchie & Smith 1995 , GilAgudelo et al. 2007 ). Furthermore, Pantos et al. (2003) found that there were systemic changes in bacterial communities on Montastraea annularis with even small white plague-like lesions. Thus changes in bacterial communities across an entire diseased colony could result in increased or decreased antibacterial activity, but without knowing the source of the compounds only associated patterns can be described.
While the present study provides evidence for immune compromise (LYS and AB) as well as immune stimulation (PPO) in Montastraea faveolata during the warmer-than-average fall of 2005 and the average temperature fall of 2006, 20 of 21 colonies surveyed died from YBD infection by the end of the study. Therefore, certain aspects of this disease, whether pathogen-or host-related, were accelerated by the above-average water temperatures and/or bleaching. This unusual period of warming may have left immune defenses exhausted, leading to unimpeded pathogen colonization of new M. faveolata colonies and faster spread of the disease into uninfected areas of diseased colonies. At this time, it is not possible to identify whether the increase in YBD prevalence was due to the suppression of certain immune factors, increased pathogen virulence, changes in the protective surface musosal layer, other extraneous factors or a combination of these elements. However, our results contribute to the understanding of how bleaching and temperature stress affect several immune components and illustrate the importance of monitoring several immune parameters independently in a large sample of bleached, apparently healthy and diseased corals. While these data did reveal evidence of compromised immunity in a scleractinian coral during climate stress, they also illustrate the complexity of the synergistic interaction between temperature and disease. 
